INTRODUCTION

53
Mobile bacteria have developed strategies to efficiently explore their environment, in aqueous 54 media as well as on solid surfaces (1-2). In most cases, their movements are ensured by a highly 55 efficient proteinaceous nanomachine: the flagellum. The flagellar apparatus comprises three main 56 parts: flagellar motor, anchored in the plasma membrane, which uses the proton motive force or the 57 sodium ion gradient to power the rotation of the flagella filament that is connected to it through a 58 structure called the hook (3-4). The rotation of the motor determines the direction of flagellum 59 rotation, and consequently the swimming direction of the bacterium. Using that principle, 60 WM3064 was used as a donor strain for conjugation experiments as described in Murat et al. 2010. 127 Gene deletions and mutant phenotype complementations were performed according to previously 128 described strategies (19). Strains, plasmids and oligonucleotides used in this work are listed in Table  129 S1. DNA sequences were amplified using the GoTaq Green Mix (Promega) and purified AMB-1 130 genomic DNA. Cloning was done either by restriction/ligation using NEB restriction enzymes and the 131 Fast ligation kit from TaKaRa or using the InFusion® kit (ClonTech). Flagellin site-directed mutagenesis 132 was performed using the Pfu Turbo DNA polymerase (Invitrogen) and DpnI from NEB. After 133 verification of the constructs by restriction and PCR, all plasmids were sequenced (Beckman Coulter 134 Genomics). RNA extraction and reverse transcription were done with the kit RNAlater (Invitrogen) 135 according to the manufacturer instructions. RNAs were treated twice with the TURBO DNA-free 136
DNAse (Ambion). 137
Flagellin purification and polyclonal antibody rising. 138 2 to 4 liters of AMB-1 cells were grown up in individual 1 liter bottles up to an OD 400nm of 0.2-0.3. 139
Cells were collected by centrifugation and resuspended in a 10 th of the culture volume in HEPES 12 140 mM pH 7.2 buffer. Flagella were sheared off the cell bodies by vortexing the cell suspension for one 141 minute followed by 20 passages through a 0.8 X 40 mm needle. Sheared cells were centrifuged at 142 20.000 g for 5 minutes, the supernatants were pooled and concentrated by ultracentrifugation (one 143 hour at 40.000 g). Flagellin concentration was determined using the DC™ Protein Assay from Biorad. 144
A total of 40 liters of culture were necessary to obtain a flagellin-enriched solution (2.2 mg in total). 145
Flagellin purity was estimated by SDS-PAGE followed by Coomassie staining. One rabbit (Charles 146 River Laboratories, Inc. Wilmington, MA, USA) was immunized thanks to three flagellin injections and 147 after a 90-day protocol, an anti-flagellin serum was collected and used for immunodetection of 148 flagellin by Western Blot analyses (1/20.000 dilution). SDS-PAGE electrophoresis and Western Blot 149 analyses were performed as described in (15). 150 were centrifuged for 10 minutes at 1.000 g in 15 mL Falcon tubes. As the pellet was not visible at this 155 stage, 8 mL of supernatant were cautiously discarded by pipetting. The remaining 2 mL of cell 156 suspension were transferred to a 2 mL tube and centrifuged for 4 minutes at 1,000 g to avoid 157 breaking flagellar filaments. After the supernatant was removed, cells were washed three times in 1 158 mL of Motility buffer (EDTA 100 µM, potassium phosphate pH 7 10 mM, NaCl 67 mM, Triton 159 on September 13, 2017 by guest http://jb.asm.org/ Downloaded from 0.0001 %). After the third centrifugation, cells were resuspended in 300 µL of motility buffer to which 160 30 µL of Alexa Fluor 488 C 5 Maleimide (Life Technologies) was added. The tube was foiled and placed 161 on a horizontal rocking platform set on 18 oscillations per minute for an hour at room temperature. 162
Excess dye was removed by three successive washes in 1 mL MB. Finally, cells were resuspended in 163 500 µL of MB. 164
AMB-1 motility analysis 165
AMB-1 motility behavior was analyzed in phase contrast microscopy on a Zeiss inverted microscope 166 equipped with custom-built electromagnetic coils (Magnetodrome) and analyzed as previously 167 described (21). In addition swimming velocity and magnetic moments were determined using a 168 custom-made plug-in for Fiji-ImageJ. 169
Motion of fluorescence-labeled AMB-1 cells, placed on a glass slide or in µ-Slide VI 0.4 Poly-L-lysine 170 coated microchambers (Ibidi, Germany), was analyzed on an inverted Nikon TiE-PFS microscope and 171
Hammatsu Orca R2 camera. When observed on glass slides, 4.5 µL of labeled cells were observed for 172 no longer than 30 minutes using a 100X Ph NA 1.3 immersion objective. Otherwise, 300 µL of cell 173 suspension were placed in a microchamber and observed with a long working distance 60X NA1. In moving cells, we observed two patterns of flagellar fluorescence which we named "tuft" and 237
"parachute" as shown in Figure 2B and Movie S2 which correspond to two different positions of the 238 flagellum as compare to the cell body. In the movie, an AMB-1 cell is immobilized on a glass-slide and 239 the right flagellum goes from being deployed outward (tuft, frame 47), to rotating about the cell 240 body (parachute, frame 60). Because the cell body is immobilized and there is no flow in the 241 microchamber, the change of flagella position is likely caused by a change in the rotation direction of 242 the flagellum. The capacity of flagellar motors to alternate between CW and CCW rotation directions 243 was confirmed by attaching AMB-1 cells through their flagella to anti-FliC-coated glass slide. During 244 these observations, we clearly saw cells which alternated between a CW and a CCW rotation, again 245 indicating the capacity of the motor to rapidly and spontaneously change rotation direction (Movie 246 S3). We use these two patterns of flagellar fluorescence as references to infer changes in flagella 247 rotation direction. 248
We found that AMB-1 cells could swim with different velocities. In faster cells, with our recording 249 settings (100 ms exposure), a rapidly rotating flagellum appears as a blurry zone of fluorescence 250 (Fig.2C frame 107 ) while the position of its anchoring point at the cell pole can be made out in each 251 frame as its position is constant (indicated by an asterisk in Fig. 2C, frame 106 ). The moving cell 252 displays the two characteristic patterns of flagellar fluorescence: a parachute at the leading pole, and 253 a tuft at the lagging pole (Fig. 2C, movies S4 Of the 586 trajectories we analyzed, about 74 % performed uninterrupted runs (motility group1) 281 across the field of view (144 x 110 µm) with unchanged or slight variation of instantaneous velocities 282 (as indicated by the color of each dot in Fig. 3A) . The distribution of instantaneous speeds is rather 283 wide (from 1.9 to 55.2 µm/s) with an average speed of 24.3 µm/s (SD = 11.6 µm/s). AMB-1 maximal 284 speed is close to 30 body lengths per second (65 µm/s), as compared to 10-20 for E. coli and 60 for 285
Vibrio cholerae (6). About 14 % of the tracks (motility group 2) were characterized by at least one 286 short pause illustrated by a plateau in the trace, at the beginning (traces 1 and 6), in the middle 287 on September 13, 2017 by guest http://jb.asm.org/ Downloaded from (trace 2, 3, 4, 6 ad 7) or at the end (traces 2 and 5) of the recorded run (Fig. 3B) . The trajectories 288 assigned to this group (see Materials and Methods) were individually verified so as to avoid potential 289 tracking errors. While most cells performed one pause during the recording, some cells performed as 290 many as five successive pauses in less than 10 seconds (three successive pauses are shown in trace 4) 291 (Fig. 3B) . Cell speed after a pause or between two successive pauses was determined and found not 292 to be significantly different from initial speed. Finally, 7 % of the analyzed tracks describes cell 293 reversing their swimming direction during the run (motility group 3 is shown in Fig. 3C ). Most cells in 294 this group actually perform two successive reversals which allow them to rapidly resume their initial 295 north-bound run. The south-bound runs are systematically shorter than the north-bound ones and 296 for most of them last less than 400 ms. Yet, we find that AMB-1 can reach similar maximal speeds 297 when performing north-or south-bound runs suggesting that both flagella can generate similar 298 torques and consequently, similar cell speeds in either direction. 299 Cells tumble when both flagella are rotating in the same direction 315 We find that AMB-1 cells can temporarily stall during an oriented run. Fig. 5A and the corresponding 316 movie S8 show an AMB-1 cell from motility group 2 (trace 4 in Fig. 3B ) swimming from top to bottom 317 (frames 6, 8, 10, 16 and 18) and pausing in the middle of its run (frames 12 and 14). In the first three 318 frames, the two flagella appear as one contiguous blur of fluorescence due to the fact that the cell is 319 swimming faster than the recording capture speed. However, in frames 12 and 14, when the cell 320 pauses, the two flagella appear as two sharp fluorescent curved lines which correspond to slowed-321 down or static flagella. After this brief interruption, the cell resumes swimming (frames 16 and 18) 322 before experiencing another pause (frame 20). This suggests that AMB-1 can control flagella rotation 323 speed so that they either drastically slow down or temporarily stop swimming. 324
A change in swimming direction is triggered by a change in both flagella
In addition, some AMB-1 cells were found rotating on place for an extended period of time without 325 any oriented movement, which is reminiscent of E. coli tumbling motion and illustrated in Fig. 5B and  326 movie S8. At the beginning of the recording, both flagella form tufts and flare away from the cell 327 body. The cell is slightly rotating on place (frames 1 to 21). Then, one flagellum folds back on the cell 328 body (frame 112) and stops rotating; the cell stays still. Soon after, the second flagellum (frame 118) 329 folds back toward the cell body and keeps rotating around it. 
